Abstract-With efforts to reduce the cost, size, and thermal management systems for the power electronics drivetrain in hybrid electric vehicles (HEVs) and plug-in hybrid electric vehicles (PHEVs), wide band gap semiconductors including silicon carbide (SiC) have been identified as possibly being a partial solution. This paper focuses on the development of a 10-kW all SiC inverter using a high power density, integrated printed metal power module with integrated cooling using additive manufacturing techniques. This is the first ever heat sink printed for a power electronics application. About 50% of the inverter was built using additive manufacturing techniques.
INTRODUCTION
In order to take advantage of the high temperature operation capability of Wide Band Gap (WBG) devices, device packages that can withstand high temperatures are required. Various organizations are working on high temperature packaging for high temperature devices. Several high temperature packages which include discrete device packages to power modules have been reported in the past several years [1] [2] [3] [4] . The novel packaging concepts primarily focus on improving the existing packages or design new packages utilizing new materials and or processing techniques for better reliability and performance. Even though the novel packages enable the devices to work at higher temperatures the theoretical advantages like the current density of WBG devices are not realized because of the interconnects needed for the power module to access the device terminals. Also the novel designed packages need further development to be used in a full system.
The other factors that limit the system designers from reaping the benefits of the WBG technology are the low voltage electronics and the passives. This is because even though the packages and the power devices can handle high temperatures, the low power electronics which drive the power devices are limited to a maximum temperature of 200 °C (Silicon on insulator (SOI) based technology). The Si based electronics are limited to 125 °C. The SOI based electronics can work up to 200 °C however, they are expensive. The high temperature (more than 200 °C) electronics have been reported as being feasible [5, 6] ; however, they have not been built to show their performance. It could be many years even before a logic level high temperature transistor could be built. This creates a void in the power module industry especially the intelligent power module (IPM) products, which include the electronics inside the module. Similarly, the passive components in an inverter have a low operating temperature and cannot be operated in close proximity to the high temperature WBG devices. This leads to increase in volume and reduction in power density of the system. The high temperature passives are currently being developed to address the high temperature operation requirement. However, similar to the electronic components the cost will be much higher compared to the low temperature components.
To address the problems mentioned above, a system level approach for packaging designs needs to be developed. Complex 3D packaging structures with integrated interconnects can reduce the steps in assembly and increase the power densities of the power electronic systems. The recent advancements in additive manufacturing technology promise an exciting future trend for this technology to make inroads to the power electronics industry. Additive manufacturing techniques will enable the development of complex 3D geometries, which will result in size and volume reductions at the system level by integrating the low temperature components with high temperature active devices and reducing the material used for building the heat exchangers in inverters. Oak Ridge National Laboratory (ORNL) is one of the leading research organizations in the world that has developed expertise in additive manufacturing in the last few years. ORNL's Power Electronics and Electric Machines (PEEM) team recognized the potential of this technology for power electronics system packaging for all the above-mentioned reasons and took the first step towards achieving a completely printed inverter concept. A 10-kW all SiC inverter with aluminum based printed power module with integrated cooling system and a printed plastic lead frame was built using additive manufacturing techniques. This is the first inverter prototype built using additive manufacturing techniques. This paper presents the design and development of the inverter and characterization of a high temperature 1200 V, 100 A all-SiC module.
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II. POWER MODULE DEVELOPMENT
Two modules were developed for this project in order to systematically evaluate the discrete devices and then build the phase leg required for the inverter. 1200 V, 50 A discrete SiC MOSFET and diodes were used in this project. The SiC MOSFET-based phase-leg module designed and developed in the internal packaging facility at ORNL is shown in Fig. 21 . A standard commercial driver IC from IXYS, IXDN509, was used in the drive circuit for both devices. The driver can provide a peak output current of 9 A with a maximum output resistance of 1 Ω. The output stage of the drive includes resistor R2 and capacitor C1 for transient current and parallel resistor R1 for static current. The device turn-on and turn-off times are controlled by selecting the values of capacitor C1, and the resistor dampens the oscillation caused by C1 and the parasitic inductance of the circuit. A negative gate voltage of −5 V was chosen for the SiC MOSFET. The resistor R1 in the range of 9-15 Ω for Vcc of 20 V, the capacitor C2 in the range of 10-100 nF, and the resistor R2 in the range of 1-7 Ω were tried to achieve a high dynamic gate current during switching. A schematic of the gate drive circuit topology is shown in Fig. 4 . 9 shows the layout of the die and interconnection pattern. The module includes four 1200 V, 50 A SiC MOSFETs and two 1200 V, 50 A SiC diodes, which form a totem pole or phase leg (half-bridge) configuration, a building block for an inverter. The total module power ratings were designed to handle the currents required for a 10 kW inverter. The package is designed to work at a temperature of at least 200ºC ambient. The electrical interconnection is achieved by bonding aluminum (Al) wires on top of the dies and soldering dies on the Cu traces of DBC substrates, which offer electrical insulation with their ceramic slice inside. The layout of multiple SiC dies on the DBC substrate and their interconnections was optimized to reduce parasitic electric parameters. 
III. INVERTER DESIGN

A. Overall design
The current required for the 10 kW inverter can be calculated to be approximately 37 A peak current per phase assuming the battery voltage to be 350 V dc with square mode of operation and the power factor (p. f.) is 0.6. This operating condition represents the worst-case scenario for the peak power, through the inverter, required to drive the motor. The dc bus capacitors was designed to handle a maximum rms ripple current (~90 A). The capacitors used in this design are not brick type and they are smaller individual capacitors connected in parallel to ensure better cooling and also for cost reduction. The cost reduction is simply because these are off the shelf components as opposed to a custom design brick capacitor with integrated bus bars. A total capacitance of 200 uF was obtained with five 900 V, 40 uF capacitors. The dc bus bars for this inverter were laminated and designed with inserts for each individual capacitor.
The power loss of the 1200V, 100 A (two 50 A SiC MOSFETs and two 50 A diodes) devices was calculated using the test data obtained through device characterization as shown in Fig. 10 , and 11. The loss per device is calculated as a function of power factor, operating voltage, peak current through each device (37/2=~16.5 A per switch), switching frequency, and modulation index. It can be clearly seen that for M=1 the maximum loss, for a 175C maximum junction temperature design, is ~30 W. The loss through the diode for M=1 is approximately 16 W. The total loss per switch is ~ 46 W. This number sets the design specifications for the heat removal system for the entire inverter for an operating junction temperature of 175ºC maximum. The total loss for the inverter is simply six times the loss per module, which is approximately 276 W. It should be noted that for different values of M and power factors the losses would vary between the MOSFET and diodes. Based on the simulated values the average efficiency of this inverter is estimated to be around 
B. Gate drive design for the module
The gate drive boards were individually designed for each phase leg with separate gate drivers for upper and lower switches (Fig. 13) . Commercially available gate driver chips from Rohm were used in this inverter. The gate driver has galvanic isolation up to 3000 Vrms and integrated overcurrent protection, under voltage lockout, and temperature feedback features. One important feature of this gate drive is that it has miller clamp protection, which is very important for fast switching devices like SiC MOSFETs. This feature prevents the upper and lower switch from faulting through switching transients.
The driver can provide a peak output current of 5 A with a maximum output resistance of 1 Ω. The maximum rise time is 45 ns for a capacitive load of 10 nF with VCC=24 V, according to the data sheet specifications. Each switch in the phase leg was designed for a gate voltage of 25 V (+20 V to -5 V). The devices were switched with an external gate resistance of 4 ohms to ensure fast turn-on and turn off switching times. The peak current required was slightly higher than 6 A, and a buffer stage was added to the output of the gate driver to handle the peak current. The over current protection circuit was designed using the desat detection feature of the gate driver chip. The gate driver protection features were designed and tested using a single phase test bed. 
C. Cooling system design
The cooling system for this prototype is single sided cooling for the power module substrates. The heat sink is not a simple conventional structure, but capitalizes on additive manufacturing (AM) capabilities to build complex internal structures for better heat transfer capability throughout the unit. The reason for doing this is to allow lower-temperature components to be placed as close to the high temperature devices as physically possible to achieve two goals: (1)-reduce electrical parasitics, and (2)-allow reduction of volume and mass of the overall system package. Additive manufacturing (printed metals) will allow optimized design for heat transfer in the smallest possible package.
With AM, complexity is basically free, so any shape or grouping of shapes can be imagined and modeled for performance. The heat sink used for this inverter is a complex unit made using direct melted laser sintered (DMLS) process, which has flow paths internal to the heat sink that allow the complex geometry around the heat generating paths. Fig.14 shows an X-ray of internal structure of the printed power module. The x-ray confirms that there are no clogged channels inside the module with unremoved powder or bridged metal structures. Since this is still a maturing technology it is very important to understand the material properties and compare them to conventional aluminum alloys to further improve or optimize the design. A material analysis was performed on the AM power module and compared to regular 6061 aluminum alloy. Figs. 15 and 16 show materials analysis results on AM aluminum as compared to 6061 aluminum. The results show that the strength of AM alloy is very similar to the 6061 alloy. Below in Fig. 17 are additional tests showing thermal conductivity comparisons between conventional 6061 aluminum, which is used on many ORNL prototype heat sinks, and the typical AM aluminum alloy used in DMLS, AlSi10Mg. ORNL will be pursuing development of an aluminum alloy material that works well in the DMLS process that has improved thermal performance. At the lower temperatures, 6061 aluminum has a significantly better thermal conductivity than the AM aluminum, but they become close to equal around 150°C which is near the center of this inverter's operating range. It would be beneficial to improve the performance in the 100-150°C range for this application. The final power module assembly is shown in Fig. 18 . The DBC substrates were directly mounted to the printed module enclosure using spring pressure and thermal grease as the heat transfer medium from the lower side of the DBC substrates. The lead frame was built using a plastic printer at the ORNLs MDF. The boltholes in the lead frame served as the strain relief structure for the power leads from the substrates. The plastic lead frame also provided the support for the gate driver pc boards and the control board through integrated plastic stand-offs. The material for this first prototype was made using fused deposition melting (FDM) and is common ABS plastic -this can be replaced on the next prototype with an FDM plastic that has a temperature rating near 200C. The gate driver leads were soldered to flexible wires and were connected to the gate driver boards. The total volume of the inverter is ~1.5 L. 2.8 L (92 cm x91cmx178cm). The experimental test setup is shown in Fig. 19 . The test equipment that was used for this experiment includes Tektronix DPO 7104 1GHz, a TEK differential probe P5205 100 MHz bandwidth, and a Tektronix 404 XL current probe. PZ4000 power analyzer from Yokogawa was power measurements. The neutral point connection from the three phase resistive load was used for the power measurement setup in the power analyzer. For this test, the dc-link voltage was fixed at nominal operating voltage (350 V) to the maximum bus voltage (450 V). The load resistance was set to the minimum value, and changing the modulation index controlled the current. The coolant was set at 20ºC at a flow rate of 1.5 gpm. The open-loop frequency of operation and the PWM frequency were fixed and the current command was varied for a particular dc-link voltage. The command current was increased in steps without exceeding the power rating of the inverter or of the load. The coolant temperature was changed to 60ºC and data were recorded for a wide range of current and switching frequencies. The efficiency versus output-power plot for several operating conditions is shown in Fig. 21 . Inverter efficiencies are higher at the 450 V than at the 325 V operating condition, as expected. Fig. 22 shows that the inverter efficiency does not change much as the switching frequency increases. The overall inverter efficiency is ~99% for different operating conditions. The total operating power density based on the test conditions of the inverter is ~7 kW/L and the designed power density is much higher. This inverter can be further pushed to higher operating power by increasing the dc-link voltage and current, and a power density of at least four times more can be realized. 
VI. CONCLUSIONS AND RECOMMENDATIONS
In this paper, design, development and testing of a SiC inverter with printed power module AM heat sink was presented. The 1200 V, 100 A SiC module characterizations with detailed gate drive design was also presented. The total operating power density of the laboratory prototype inverter is ~7 kW/L and the average operating efficiency of the inverter for a wide range operating conditions is around 99%. However, based on the design the power density can potentially be four times more for higher power with the same power module. This prototype is the first inverter built using additive manufacturing techniques. The material analysis showed that there is no problem with the strength of material when it compares to Al-6061. It was also shown that there is no compromise in the performance of the inverter because of different material used. From ORNL's perspective this is the first step toward realizing a full inverter built using additive manufacturing techniques.
